Oxidative damage of cells and components in living bodies is one of the possible means of damage that can take place in vivo. [1] [2] [3] Recognition and phagocytic removal of damaged components or cells is an important function of macrophages in maintaining homeostasis.
Oxidative damage of cells and components in living bodies is one of the possible means of damage that can take place in vivo. [1] [2] [3] Recognition and phagocytic removal of damaged components or cells is an important function of macrophages in maintaining homeostasis. 4) It is known that macrophages avidly bind and take up oxidized low density lipoprotein through the scavenger receptors on the cell surface, which may lead to the accumulation of lipid-laden foam cells in the artery wall in atherosclerotic lesions. [5] [6] [7] [8] [9] [10] We have found that macrophages bind oxidatively damaged erythrocytes, [11] [12] [13] [14] polymorphonuclear leukocytes, 15) and T-lymphoid cell line Jurkat cells, [16] [17] [18] and this recognition is due to the lectin-like receptors on the macrophage cell surface for sialylated poly-N-acetyllactosaminyl sugar chains on the oxidized cells. 13, [15] [16] [17] [18] [19] [20] Upon oxidation of these cells, band 3 or CD43 glycoproteins bearing sialylated poly-N-acetyllactosaminyl sugar chains on the cell surface aggregate and the sugar chains in a higher density are more readily recognized by macrophages in the absence of serum. The presence of the lectin-like receptors on macrophages has been demonstrated. 14, 16, 18) In the previous study, we have demonstrated that antioxidants at relatively high concentrations inhibited macrophage functions, i.e., binding of oxidized low density lipoprotein, foam cell formation and accumulation of cholesterol, and suggested that the scavenger receptor activity of macrophages is exerted by oxidative mechanisms. 21) In the present study, whether oxidative mechanisms were also involved in macrophage recognition of oxidized erythrocytes through the lectin-like receptors was examined by preincubation of macrophages with water-soluble antioxidants. It was found that the recognition of macrophages for oxidized erythrocytes was inhibited by ascorbic acid-related compounds, catechin compounds and thiol-related compounds, suggesting the involvement of oxidative mechanisms in the macrophage lectin-like receptor recognition for these erythrocytes. -free Dulbecco's phosphate buffered saline (DPBS (Ϫ)) after removal of buffy coats and plasma, and resuspended in saline to make a 40% cell suspension.
MATERIALS AND METHODS

Materials
Oxidized erythrocytes were obtained according to the procedure described elsewhere. 13) A mixture of 40% erythrocytes and an equal amount of saline containing 3.4 mM ADP/0.2 mM Fe(III) was incubated at 37°C for 1 h. The mixture was washed four times with DPBS (Ϫ) by centrifugation (170ϫg, 5 min) at 4°C. Oxidized erythrocytes were suspended at 4% in RPMI-HEPES for use.
Macrophages and Macrophage Monolayer Macrophages were obtained from the peritoneal cavity of 7-week-old ddY male mice 4 d after an intraperitoneal injection of 3 ml of 3% thioglycollate medium. The peritoneal exudate cells obtained were washed twice with HBSS by centrifugation (80ϫg, 10 min) at 4°C. The cells were resuspended at appropriate concentrations in RPMI 1640 medium supplemented with 20 mM HEPES (pH 7.2), 50 U/ml penicillin and 50 mg/ml streptomycin (RPMI-HEPES medium) at 2ϫ10 6 cells/ml. The cell suspension (0.2 ml) of macrophages was loaded onto a round glass coverslip (18 mm in diameter). After incubation at 37°C for 1 h in a CO 2 incubator, nonadherent cells were removed by washing three times with DPBS (Ϫ). Endogenous a-tocopherol content in macrophages was estimated to be about 0.12 mg/mg protein in a separate experiment.
Pretreatment of Macrophages with Water-soluble Antioxidants and Macrophage Binding of Oxidized Erythrocytes Macrophage binding of oxidized erythrocytes was examined according to the method described elsewhere. 13) A macrophage monolayer on a coverglass was pretreated at 37°C for 1 h in a CO 2 incubator with 0.2 ml of RPMI-HEPES medium containing each of the antioxidants at the indicated final concentration, and washed with DPBS (Ϫ). On the macrophage monolayer, 0.2 ml of oxidized erythrocyte suspension was loaded. After incubation of the monolayer at 37°C for 1 h in a CO 2 incubator, nonadherent cells were removed by washing with DPBS (Ϫ). The cells were fixed by means of 1.25% glutaraldehyde. The number of macrophages binding two or more erythrocytes was scored for random fields of the coverglass under phase-contrast microscopy. More than 200 macrophages were counted. The percentages of macrophages untreated with antioxidants that bound oxidized erythrocytes ranged from 30 to 40.
Macrophage Viability The viability of macrophages was examined by Trypan blue dye as described. 21) RESULTS AND DISCUSSION Mouse erythrocytes oxidized with ADP-chelated F(III) under mild conditions in vitro bound to a monolayer of thioglycollate-induced mouse peritoneal macrophages in an incubation at 37°C for 1 h as shown previously. 13) Whether or not preincubation of macrophages at 37°C for 1 h with ascorbic acid-related compounds including ascorbic acid (ASA), erythrobic acid (ERA) and dehydroascorbic acid (DHA) (Fig.  1A) , catechin compounds including epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECg) and epigallocatechin gallate (EGCg) (Fig. 1B) , and thiol-related compounds including glutathione (GSH), glutathione isopropyl ester (GSH-Pr), oxidized glutathione (GSSG) and N-acetylcysteine (NAC) (Fig. 1C) affected the macrophage recognition of oxidized erythrocytes was examined. During the preincubation with these antioxidants, viability of macrophages was unchanged as has been previously described. 21) Preincubation of macrophages with each of the ascorbic acid-related compounds decreased the macrophage recognition of oxidized erythrocytes in a dose dependent fashion between 0.01 and 1 mM (Fig. 1A) . Macrophage binding was decreased by each of the compounds at 1 mM to about half that of control untreated macrophages. ASA and ERA, both having strong reducing ability, similarly reduced the binding.
DHA was found to be inhibitory, and this inhibition may be due to the conversion into ASA in the cells during the preincubation.
Preincubation of macrophages with each of the catechin compounds, well-known phenolic antioxidants, decreased the macrophage binding of oxidized erythrocytes in a dose dependent fashion between 0.01 and 100 mM (Fig. 1B) . Macrophage adhesion was decreased by each of the catechin compounds at 100 mM to less than 50% that of control untreated macrophages, and the inhibitory effects of gallate esters, ECg and EGCg, seemed stronger than those of non-gallate esters, EC and EGC.
Thiol-related compounds showed more delicate profiles of inhibition on the macrophage binding of oxidized erythrocytes (Fig. 1C) . Preincubation with GSH at the low concentration of 0.01 mM decreased the macrophage binding of oxidized erythrocytes to about 50%, whereas preincubation with the compound at 0.1-1 mM decreased the adhesion to 70-80%. Although the reasons for the dose-independent inhibitory activity of GSH are not known, GSH was inhibitory at below 1 mM. Preincubation with GSSG decreased the macrophage binding in a dose dependent fashion up to 1 mM, and this inhibition may be due to the conversion into GSH in the cells during the preincubation. Although transport of exogenously added GSH and GSSG into the cells across the cell membranes may be limited, these components showed inhibitory activity under the conditions used. GSH-Pr and NAC that are readily transported into the cells [22] [23] [24] were more effective to decrease the macrophage binding of oxidized erythrocytes in a dose dependent fashion upto 1 mM. BSO that inhibits GSH synthesis in the cells 25, 26) was not effetive at the high concentration of 1 mM (data not shown), suggesting that antioxidant GSH level in macrophages is important in reducing the macrophage binding ability for oxidized erythrocytes.
In the previous investigation, we have demonstrated that binding of oxidized lipoprotein, foam cell formation or cholesterol accumulation by macrophage [5] [6] [7] [8] [9] [10] were inhibited by preincubation or coincubation of macrophages with different type of antioxidants. 21) Antioxidants that inhibited the scavenger receptor activity were natural and synthetic phenolic antioxidants, catechin compounds, thiol-related compounds, ascorbic acid-related compounds and a strong iron chelator. The results suggest that some oxidative process is involved in the scavenger receptor activity of macrophages, and that activation of scavenger receptors require oxidative mechanisms in macrophages. In this case, BSO that inhibits cellular GSH synthesis does not affect the macrophage function, supporting that GSH level plays an important role in the depletion of macrophage scavenger receptor activity.
In the present study, it was found that the recognition of macrophages for oxidized erythrocytes through lectin-like receptor activity [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] was similarly inhibited by ascorbic acidrelated compounds, catechin compounds and thiol-related compounds, suggesting the involvement of some oxidative mechanisms in the macrophage lectin-like receptor recognition for oxidized erythrocytes. While the concentrations of the antioxidants required for effective inhibition of the macrophage scavenger receptor activity have been found to be relatively high at around 100 mM, 21) the concentrations of the antioxidants required for effective inhibition of the macrophage lectin-like receptor were found to be lower. Especially GSH and its derivatives were effective in concentrations as low as 0.1-1 mM. The concentration was low enough to modulate the macrophage lectin-like receptor activity under physiological conditions. It is known that antioxidants protect cells from oxidative damage that can take place in vivo. [1] [2] [3] For instance, a-tocopherol protects low density lipoprotein from lipid peroxidation in vitro, [27] [28] [29] [30] and supplemetation of a-tocopherol brings about an increased a-tocopherol level in low density lipoprotein in laboratory animals, and the susceptibility of low density lipoprotein rich in a-tocopherol to in vitro oxidation is lowered. 31) On the other hand, macrophages recognize oxidized low density lipoprotein through scavenger receptors, and oxidatively damaged cells through lectin-like receptors. Present results as well as the previous results 21) suggest that antioxidants modulate both the macrophage scavenger receptor activity and lectin-like receptor activity to inhibit the macrophage recognition for oxidized low density lipoprotein and oxidized cells. These results suggest that antioxidants modulate both the oxidation of the macrophage target components/cells and the macrophage activity to take up the oxidized targets.
Recent studies have suggested the involvement of oxidative stress in the gene expression and the cell signal transduction. [32] [33] The involvement of the signal transduction of macrophages in relation to antioxidants and oxidative stress in the scavenger receptor activity or lectin-like receptor activity is now under study. A monolayer of mouse thioglycollate-induced peritoneal macrophages was preincubated with each of the compounds at the indicated concentration at 37°C for 1 h. Mouse oxidized erythrocytes were then loaded onto the monolayer, and the monolayer was incubated at 37°C for 1 h. The number of macrophages binding two or more erythrocytes was scored for random fields under phase-contrast microscopy. More than 200 macrophages were counted. The percentages of macrophages untreated with antioxidants that bound oxidized erythrocytes ranged from 30 to 40 (control). Macrophage adhesion was expressed as the mean valueϮS.D.% against the control value in triplicate determinations.
